The depth of the planetary boundary layer (PBL) or mixed layer is important for carbon dioxide source/sink estimation because the response of atmospheric carbon dioxide concentration to a given amount of surface flux is inversely proportional to this depth. The PBL depth is affected by entrainment from overshooting thermals that is often underestimated in mesoscale meteorological models. An experiment was performed for the late summer of 1999 that includes a parameterization of PBL top entrainment that is based on a downward buoyancy flux at the top of the PBL. Simulations with this parameterization produce a warmer, drier and deeper boundary layer than a control simulation. The monthly mean diurnal cycle of PBL depth at a location in northern Wisconsin is better simulated with this enhanced entrainment when compared to observations. The altered atmospheric conditions cause the vegetation's stomata to respond and possibly close in an evolved response to limit water loss, thus reducing transpiration and shifting the Bowen ratio. The stomatal closing also reduces carbon assimilation, consequently altering horizontal and vertical carbon gradients. The overall effect of enhanced PBL entrainment is to alter time-mean regional gradients in CO 2 mixing ratio by as much as 7 ppmv over 1000 km.
Introduction
The response of carbon dioxide (CO 2 ) concentration to the surface fluxes of carbon is inversely proportional to the depth of the planetary boundary layer (PBL) (Denning et al., 1995; Yi et al., 2001 Yi et al., , 2004 . However, vertical turbulent mixing and PBL depth are not often simulated correctly by models (Denning et al., 1995 (Denning et al., , 1996a Gurney et al., 2003) and an error in the depth of the PBL relates to an error in the modelled concentration of CO 2 in the boundary layer (Denning et al., 1995 (Denning et al., , 1996b (Denning et al., , 1999 Zhang, 2002; Gerbig et al., 2003) . CO 2 inversion studies are negatively impacted by an error in PBL depth because this translates to an error in the estimates of carbon sources and sinks (e.g. Gurney et al., 2002; Gerbig et al., 2003; Baker et al, 2006; Zupanski et al., 2007) . For example, in a back of the envelope calculation, assuming a 10% increase in the PBL depth produces a 9% response in the CO 2 concentration. During the summer, this implies a higher daytime CO 2 concentration.
The PBL is a well-mixed layer in turbulent contact with the surface with weak vertical gradients and is capped by a temperature inversion. To resolve the PBL in models, high resolution is needed near the inversion, but a high concentration of model levels is excessive over the rest of the PBL. To complicate things further, because the depth of the PBL varies spatially and temporally, the height at which the added resolution is needed is also variable . The computational expense associated with including the number of model levels necessary to resolve the capping inversion for all of the different potential heights of the PBL is prohibitive.
PBL growth and development are controlled by small-scale processes that are generally not well resolved by mesoscale models (Ayotte et al., 1996; Gerbig et al., 2003) . One such process is entrainment at the top of the boundary layer that is a result of rising thermals from the PBL overshooting their neutral level and pulling free tropospheric air into the PBL on their subsequent descent (Stull, 1988) . Using the European Centre for MediumRange Weather Forecasts (ECMWF) model, Beljaars and Betts (1992) found that the model produced conditions that were too cool and moist in a boundary layer that grew too slowly when simulating August conditions over the Konza prairie. After inclusion of an entrainment parameterization, their results improved indicating the importance of entrainment in numerical simulations. The PBL in the Regional Atmospheric Modelling System (RAMS) grows by encroachment as the surface warms, but does not include an explicit representation of PBL top entrainment, suggesting that important processes are not being represented. This process also alters the canopy air space (CAS) to which the vegetation responds by the incorporation of warmer and drier free tropospheric air into the mixed layer.
An entrainment parameterization (McGrath-Spangler et al., 2009 ) was introduced to the coupled ecosystem-atmosphere model SiB-RAMS Nicholls et al., 2004; Wang et al., 2007; Corbin et al., 2008) based on the assumption that the downward buoyancy flux at the top of the PBL is proportional to the buoyancy flux at the surface (e.g. Betts, 1973; Carson, 1973; Deardorff, 1974; Rayment and Readings, 1974; Willis and Deardorff, 1974; Stull, 1976; Davis et al., 1997; Sullivan et al., 1998; Yi et al., 2001) . It has been shown in idealized simulations that the introduction of this parameterization results in a warmer, drier and deeper PBL with a higher daytime concentration of CO 2 (McGrath-Spangler et al., 2009) .
The primary objective of this study is to evaluate the performance of this parameterization in the summer of 1999 during which observations of PBL depth were being made at the WLEF very tall tower in northern Wisconsin (Angevine et al., 1998; Yi et al., 2001 Yi et al., , 2004 Denning et al., 2008) . The months of July, August and September of that year have observations at nearly an hourly timescale and provide a good timeframe for comparison. In addition, micrometeorological, eddy flux and CO 2 concentration measurements are made at several levels along the tower height providing a vertical profile (Yi et al., , 2004 Davis et al., 2003; Denning et al., 2008) . Other authors have examined the impact of subgrid-scale land surface heterogeneity on PBL processes, specifically the partitioning between sensible and latent heat fluxes due to variations in amount of vegetation cover (e.g. Avissar and Pielke, 1989; Pielke and Avissar, 1990; Avissar, 1991; Liu et al., 1999; Weaver and Avissar, 2001 ). This partition is important for determining PBL depth and induced mesoscale circulations. The emphasis of this paper, however, is not on mesoscale circulations, but on the local impact of overshooting thermals on entrainment and PBL growth. It would be interesting in the future to examine the impacts of both of these complex processes together.
Section 2 describes the SiB-RAMS model and the entrainment parameterization. Section 3 discusses the observations and measurement techniques. Section 4 illustrates the results and the final section provides some conclusions.
Methods

Model description
The ecosystem model in the coupled SiB-RAMS model is the third version of the Simple Biosphere (SiB3) model developed by Sellers et al. (1986) . SiB3 calculates the transfer of energy, mass and momentum between the atmosphere and land surface (Sellers et al., 1996a, b; Corbin et al., 2008) and is coupled to the Brazilian version of the Regional Atmospheric Modelling System (BRAMS) (Freitas et al., 2006) . Denning et al. (2003) , Nicholls et al. (2004) and Wang et al. (2007) describe the coupled model in more detail.
The simulations presented here were performed on a single grid centred on the WLEF tower in northern Wisconsin. The grid used an increment of 40 km and spanned the continental United States and southern Canada. Vegetation data was derived from the 1-km AVHRR land cover classification data set (Hansen et al., 2000) while Normalized Difference Vegetation Index (NDVI) data were derived from 1-km resolution SPOT 10-day composites from the VEGETATION instrument on board the SPOT-4 (Système Probatoire d'Observation de la Terre) polar orbiting satellite. The NDVI data were provided by the United States Department of Agriculture Foreign Agriculture Service (USDA/FAS) through collaboration with the Global Inventory Modelling and Mapping Studies (GIMMS) Group at the National Aeronautics and Space Administration Goddard Space Flight Center (NASA/GSFC). Surface fluxes of carbon from anthropogenic sources are derived from 1995 CO 2 emission estimates from Andres et al. (1996) with a scale of 1.1055 to adjust for 1999 values (Marland et al., 2005; Wang et al., 2007) . Air-sea CO 2 fluxes are the monthly 1995 estimates from Takahashi et al. (2002) and are assumed to adequately represent the conditions present in 1999.
Meteorological fields are initialized by the National Center for Environmental Prediction (NCEP) mesoscale Eta-212 grid reanalysis with 40-km horizontal resolution . This data set was also used to nudge the lateral boundary conditions every 30 min. Soil respiration factors and soil moisture were initialized from an offline SiB3 simulation run for 10 years using NCEP/NCAR (National Center for Atmospheric Research) reanalysis driver data from 1989 to 1999. Initial and hourly lateral boundary CO 2 concentrations were specified by the Parameterized Chemistry Transport Model (PCTM) (Kawa et al., 2004; Parazoo et al., 2008) .
Entrainment parameterization
The entrainment parameterization was discussed in an idealized case study by McGrath-Spangler et al. (2009) and is based on the idea that the buoyancy flux at the top of the PBL is negatively proportional to the buoyancy flux at the surface (e.g. Betts, 1973; Carson, 1973; Deardorff, 1974; Rayment and Readings, 1974; Willis and Deardorff, 1974; Stull, 1976 Stull, , 1988 Davis et al., 1997; Sullivan et al., 1998; Yi et al., 2001) . The profile of buoyancy flux throughout the well-mixed, quasi-steady boundary layer is often approximated as linear, decreasing from the surface and becoming negative within the entrainment zone (Stull, 1976) . This implies that the negative buoyancy flux at the base of the capping inversion is linearly proportional to the buoyancy flux at the surface. This assumption produces the equation:
In eq. (1), w θ v is the turbulent virtual potential temperature flux at the height of the inversion (Z i ) and at the surface (s) and α is the tunable proportionality constant. Estimates of α range from zero to one, but most published values are between 0.1 and 0.3 with a value of 0.2 being the most appropriate for free convection (Stull, 1988) . Eq.
(1) can be used to derive equations for the time rate of change of potential temperature, wind velocity, water vapour mixing ratio, turbulent kinetic energy (TKE) and CO 2 concentration across the interface separating the PBL from the overlying inversion. These equations mix the properties of the boundary layer with those of the free troposphere as would be done by overshooting thermals in the physical world. The result is warmer, drier, less turbulent conditions being mixed into the top model layer of the PBL to be mixed downward by turbulent eddies and cooler, moister, turbulent air being mixed up into the lowest layer of the overlying inversion.
In idealized simulations, the parameterization resulted in an insertion of heat energy into the PBL and an upward transport of TKE into the lowest layer of the overlying inversion, producing a deeper PBL. The downward advection of heat and upward moisture transport induced a warmer and drier boundary layer and a cooler and moister inversion layer.
The drying and warming caused by entrainment increases physiological stress thereby limiting carbon assimilation by plants. When conditions within the atmosphere in the immediate vicinity of the leaf become less than optimal, the stomata close, limiting water loss through transpiration and reducing carbon assimilation. This increases the Bowen ratio (the ratio of sensible to latent heat fluxes) as latent heat flux is reduced in favour of sensible heat flux. Increased sensible heat flux raises temperatures and encourages further PBL growth. In addition, changes to cloud cover and precipitation result from the shift in the Bowen ratio and multiple interrelated processes.
Observations
Evaluation of the entrainment parameterization uses observations from the WLEF television tower located in the Park Falls Ranger District of the Chequamegon National Forest, about 15 km east of Park Falls, Wisconsin, USA, at 45.95
• N latitude, 90.27
• W longitude. Since 1996, micrometeorological and eddy covariance flux measurements have been made at 30 m, 122 m and 396 m Davis et al., 2003) . High precision, high accuracy CO 2 concentrations have been made at six levels (11 m, 30 m, 76 m, 122 m, 244 m and 396 m) since 1994. The CO 2 measurements are made using LI-COR 6251 infrared gas analysers (IRGA) Davis et al. 2003) .
During 1999, from July to September, an Integrated Sounding System (ISS) was deployed about 8 km east of the WLEF tower (Angevine et al., 1998; Yi et al., 2001 Yi et al., , 2004 Denning et al., 2008) . The ISS included a radar profiler, a Radar and RadioAcoustic Sounding System (RASS), and a radiosonde ). The profiler is a sensitive 915 MHz Doppler radar designed to respond to fluctuations of the refractive index in clear air (Ecklund et al., 1988; White et al., 1991; Angevine et al., 1993 Angevine et al., , 1994a Yi et al., 2001 ) and can be used to detect the height of the PBL in conditions without precipitation or heavy clouds (Yi et al., , 2004 .
Boundary layers shallower than 400 m, such as those that occur at night and in the early morning, are not well defined from the profiler signal-to-noise ratio (SNR) measurements (Yi et al., , 2004 . In these cases, the strong stratification present in the nocturnal boundary layer produces a gradient in the CO 2 concentration (Yi et al., , 2004 Denning et al., 2008) that is detected by the vertical profile of CO 2 measured along the depth of the tower and can be used to determine the depth of the nocturnal boundary layer. Figure 1 compares the observed monthly mean diurnal cycle of PBL depth measured near the WLEF tower in northern Wisconsin to the SiB-RAMS model for both the control (α = 0) and enhanced entrainment cases (α = 0.2). The error bars on the observations (thickest bars), control case (medium thickness) and enhanced entrainment case (thinnest bars) represent the standard deviation of daily values at each hour. Modelled daytime and nighttime PBL depths are determined by the potential temperature and CO 2 concentration gradients, respectively. The simulated monthly mean diurnal cycle was found by averaging non-precipitating hours to account for the lack of observations during precipitation events.
Results
WLEF comparison
In all three months shown in Fig. 1 , the enhanced entrainment case performed better in representing the observations than did the control case. Although the afternoon PBL depths in the control case fell within the error bars in July and August, these values were near the low end, especially in August, and were well below the observations and their associated error bars in September. This was partly due to the model's inadequate representation of the rapid late morning growth of the PBL that is better simulated in the enhanced entrainment case. Because nighttime values of PBL depth are similar for both model simulations, the steeper morning growth of the enhanced entrainment case produces a deeper PBL in the early afternoon that continues into the afternoon when PBL growth begins to slowdown. The enhanced entrainment simulation performed better in the afternoon as well with deeper maximum PBL depths in all three months, falling within the error bars. However, this simulation produced PBL depths that were still too shallow in August and September, indicating a need for further improvements.
PBL depth has large implications for CO 2 concentrations and gradients within the boundary layer. Deeper PBL depths dilute the effect of assimilation on carbon concentrations and the warming and drying associated with entrainment alters the stomatal openings of vegetation and therefore the uptake of CO 2 . Accurately simulating CO 2 concentration is important for determining sources and sinks through atmospheric inversions and thus it is important to accurately simulate the PBL depth. Figure 2 shows the differences in water vapour mixing ratio and temperature in July (a, b), August (c, d) and September (e, f) produced by the two model simulations compared to the observations. In general, the parameterization of overshooting thermals produced warmer and drier results, with mixed success. Water vapour was better simulated in the control simulations. Only in the mid-afternoon of September was the mixing ratio too moist and a drying improved the results. Although the mixing ratio was poorly simulated by the enhanced entrainment case in July and August, the warming associated with the enhanced entrainment improved the temperature in these months and even warmed a little too much in July. In September, the control simulation better represented the temperature. Figure 3 presents the modifications of additional entrainment on net ecosystem exchange (NEE; respiration-carbon assimilation) (a, c, e) and CO 2 concentration (b, d, f) at 30 m at the WLEF tower during the summer of 1999. Too much uptake occurred in the morning and late afternoon of both cases, a known issue in SiB at the WLEF tower . The enhanced entrainment case was warmer in the early morning, allowing plant stomata to open earlier and begin carbon assimilation. The warmer and drier conditions at midday reduced stomatal conductance in the enhanced entrainment case, reducing carbon uptake to minimize water loss. In August, the control case produced a better estimate of NEE summed over the diurnal cycle, but in July and September, the additional entrainment produced better results. The differences in CO 2 concentration at WLEF between the control and enhanced entrainment cases are small because of the conditions at WLEF during the simulation time frame. During these three months, northern Wisconsin is relatively unstressed and is not experiencing much water limitation. The warmer and drier conditions associated with enhanced PBL top entrainment do not change these overall conditions and the ecophysiological stress is only minimally changed so NEE (Fig. 10) is not much affected. However, even these small changes accumulate over time and, along with the changes in PBL depth, produce regional changes in CO 2 concentration (Fig. 11) . Figure 4 illustrates the differences in sensible (a, c, e) and latent (b, d, f) heat fluxes. The variations in the heat fluxes between the control and enhanced entrainment cases demonstrate the interactions between the PBL, the physiological responses and the large-scale weather. As gradients in temperature and water vapour mixing ratio increase between the CAS and the PBL, the sensible and latent heat fluxes increase, respectively. The SiB model, in point simulations, has been shown to have a warm bias at WLEF, producing too much sensible heat flux and a high Bowen ratio and this bias is also present in the SiB-RAMS coupled model . Baker et al. (2003) hypothesize that this bias is due to nearby wetlands not being simulated by the model.
The warming and drying of the atmosphere can close or open leaf stomata in an evolved response to limit water loss. Closing the stomata limits transpiration, thus shifting the Bowen ratio in favour of sensible heat flux. In addition, closing the stomata reduces carbon assimilation, increasing NEE and the CO 2 concentration. Cloud cover, radiation and regional geopotential gradients are tied to PBL temperature and moisture (Stull, 1988) so the large-scale weather is also modified. Reduced cloud cover over the eastern United States and Midwest, associated with a drier PBL, allows more solar radiation to reach the ground, increasing the surface energy budget and amending sensible and latent heat fluxes. In a few small regions where cloud cover was increased and less solar radiation was able to reach the ground, the surface heat budget was decreased. As the surface heat budget changes, so also does the simulated entrainment buoyancy flux at the top of the PBL through the proportionality between them.
The sensible heat flux of the control case was similar to that observed in September and too great in July and August. The additional entrainment produced larger sensible heat fluxes and so was less representative of the observations. However, enhanced entrainment from overshooting thermals improved estimates of latent heat flux during all 3 months. The latent heat flux of the control case was too little and the additional entrainment increased this flux. Figure 5 compares the model results to the North American Regional Reanalysis (NARR; Mesinger et al., 2006) over the time-mean of the months of July, August and September. The left column shows the results of the control model minus the NARR while the right column shows the differences between the enhanced entrainment case and the reanalysis. When examining this figure, it is important to remember that the lateral boundaries of the SiB-RAMS model are nudged to the NCEP Eta model output and so should not be used for comparison.
NARR comparison
The top row shows the model CAS temperature compared to the NARR 2 m temperature. This temperature is at the land-atmosphere interface and is impacted by the complex interactions of radiation, advection and sensible heat flux. It is important for determining the vegetative stress and therefore the NEE and CO 2 concentration. The CAS temperature is prognosed by SiB and is therefore valid only on land. The enhanced entrainment parameterization warmed the air within the PBL everywhere (Fig. 7b) , but the effect on the CAS temperature was not quite as simple. Although the temperature increased in much of the domain, the states along the Gulf Coast actually experienced a cooling. When compared to the NARR, this indicated a weakness of the model. However, in the upper Midwest, including WLEF, the northeastern United States, and southeastern Canada, warmer temperatures indicated an improvement in the simulation results and a closer match to the reanalysis result.
The middle row compares the CAS dew point temperature, computed from SiB prognostic variables, to the NARR 2 m dew point temperature. The dew point temperature is a measure of the amount of water vapour surrounding the vegetation and is important for calculations of vegetative stress. It therefore impacts NEE and CO 2 concentration through its impact on stomatal conductance. The CAS dries under enhanced entrainment, producing a decrease in the dew point temperature. In the Midwest, including the WLEF tower, the control simulation is too dry compared to the NARR and a further drying through enhanced entrainment worsens the problem. The result also degrades in southeastern Canada and in the southeastern United States. In the western states, however, where the control model is too moist, a drying improves the result. This illustrates the spatial variability of the response of the model to the parameterization.
Because more downward shortwave radiation reaches the surface on clear days than on days with heavy cloud cover, the shortwave radiation gives an indication to the amount of cloud cover. Over much of the domain, specifically the northeastern United States and southeastern Canada, the shortwave radiation is increased. This is important for photosynthesis because photosynthetic rates increase with increasing solar radiation up to a saturation amount. This affects the NEE (Fig. 10 ) and consequently the CO 2 concentration in addition to the sensible and latent heat fluxes. In general, both models predict less downward solar radiation than the NARR, indicating cloudier conditions, with the enhanced entrainment simulation showing an improvement over the control simulation in areas such as southern Canada and along the Gulf Coast. Although the decreased cloud cover would lead to increased PBL temperatures, idealized simulations by McGrath-Spangler et al. (2009) show that the qualitative results of this study are independent of changes in cloud cover.
Comparisons to the NARR data highlight the spatial inhomogeneity of the model response to the enhanced entrainment parameterization, the dependence upon the underlying surface conditions, and the complex interactions between the land surface and the atmosphere. The following subsection examines these points in further detail in direct comparisons between the two simulations.
Regional comparison
The following figures represent the time-mean differences between the enhanced entrainment and control cases averaged over the months of July, August and September. These difference plots show the impact of overshooting thermals on the model environment. Figure 6 shows the impact of the enhanced entrainment parameterization on the simulated PBL. Enhanced entrainment produced, on average, a 70 m (11%) deeper PBL. The largest increases of around 300 to 400 m occurred over the dry Rocky Mountain region where the Bowen ratio was largest. Enhanced entrainment is proportional to the surface buoyancy flux (H = ρc p w θ v )
where Q H represents the sensible heat flux, Q E the latent heat flux, c p the specific heat at constant pressure and L the latent heat of vapourization. This equation is derived using Reynolds averaging and a few simplifying assumptions. Therefore, for a given amount of radiation, the larger the Bowen ratio (Q H large compared to Q E ) the larger the heat flux and by extension the entrainment flux and the influence on the PBL depth. Figure 7a shows a map of the difference in water vapour mixing ratio between the two cases. The domain-wide decrease in mixing ratio had an average of 18% (1.5 g kg −1 ). The largest decrease was just downstream of the Rocky Mountains, where PBL depth was most affected, from North Dakota south into northern Texas. When the air left the Rocky Mountain region, it characterized the accumulated effect of the enhanced entrainment. Large decreases in mixing ratio were also present in the Midwest from Illinois into Ohio and Michigan and along the Mexican border with Arizona and New Mexico. Smaller decreases were present in central Colorado and the Carolinas. Figure 7b shows the map of average change in temperature due to the enhanced entrainment. Temperature increased everywhere with an average increase of 4.3% (0.7
• C). The greatest increases occurred in the eastern sections of the Dakotas, Nebraska and Minnesota down into Iowa. Because the lateral boundaries were nudged to the same values in both cases, temperature changes were weakest there. Figure 8a is a map of the time-mean difference in latent heat flux from the CAS to the boundary layer. On average, the latent heat flux was increased by just over 12% (12.7 W), mostly in the eastern half of the United States. The sharp transition between a decrease in latent heat flux in the west and an increase in the east is a result of a coupled surface-atmosphere response to the modifications to the PBL top entrainment. The surface response to the warmer and drier PBL is dependent upon several factors including vegetation type and prevailing surface conditions. In the west, increased solar radiation imposes an ecophysiological stress that the vegetation responds to by closing their stomates, limiting transpiration and decreasing the latent heat flux. The eastern United States is not as water limited as in the west and although overall stress is increased, the additional radiation benefit compensates for the drier conditions, allowing plant stomates to open further to permit more carbon assimilation. More water is lost through transpiration and the latent heat flux is increased. Fig. 9 . Effect of entrainment from overshooting thermals (enhanced entrainment case minus control case) on (a) humidity stress and (b) temperature stress in the time-mean from July through September. Figure 8b is a map of the differences in sensible heat flux between the CAS and the boundary layer for the enhanced entrainment and control cases. Sensible heat flux, on average, increased by almost 4 W in the time period of July through September. A drier, deeper PBL resulted in fewer clouds and more solar radiation reaching the ground. This allowed both the sensible and latent heat fluxes to increase. For this study, the addition of the enhanced entrainment parameterization produced a nearly 1% decrease in cloud cover over a large portion of the domain. This decrease extended southeastwards from Montana to Florida and the Gulf of Mexico, up along the United States eastern coast and then up into Canada and the northern boundary of the domain. Portions of southeastern Montana and Idaho as well as parts of the Gulf Coast and Atlantic experienced an increase in the amount of cloud cover, however, on the average, the parameterization produced a 0.3% decrease in the amount of cloud cover (not shown). This effect is only relevant when there are variations in cloud cover between the control and enhanced entrainment cases. Figure 9a shows the physiological stress on vegetation due to low humidity. Stomata close to restrict water vapour loss when the leaf surface dries (Ball et al., 1987; Collatz et al., 1991; Bonan et al., 2002) . This is expressed in the model as a decreased stress parameter. The stress parameters are dimensionless multiplicative factors that modify the stomatal conductance. They are scaled between 1 for optimal conditions (resulting in unstressed conductance and fully open stomates) to 0 (severely stressed conductance) when environmental conditions decrease the stomatal opening (Sellers et al., 1997) . Stomatal closing results in decreased transpiration, reduced latent heat flux, and increased sensible heat flux. This acts to reduce the boundary layer humidity and increase its temperature. Because a smaller stomatal opening produces decreased carbon assimilation, this parameter also indicates CO 2 concentration changes. The drying associated with entrainment from overshooting thermals produced a 10% change in the humidity stress parameter, indicating diminished stomatal conductance.
The effect of entraining thermals on physiological stress due to departures from a moderate temperature is illustrated in Fig. 9b . This parameter has the same effect on stomatal conductance as the humidity parameter. Although warmer temperatures were present everywhere as was shown in Fig. 7b , the temperature stress is not as straightforward. In regions where the summer temperature was already on the warm end of optimal vegetative temperatures, warmer temperatures due to enhanced entrainment produced smaller stomatal conductance. However, in relatively cool locations, such as northern latitudes and at high altitude, warmer temperatures were more moderate for the plants and stomatal conductance increased. In regions of Canada and along the Rocky Mountains, warmer temperatures were actually beneficial to the plants.
Stomatal conductance controls the amount of carbon that the vegetation is able to assimilate and therefore the NEE (Fig. 10) . Fig. 10 . Effect of entrainment from overshooting thermals (enhanced entrainment case minus control case) on (a) net ecosystem exchange (g CO 2 m −2 day −1 ), (b) carbon assimilation (g CO 2 m −2 day −1 ) and (c) soil respiration (g CO 2 m −2 day −1 ) in the time-mean from July through September. NEE (Fig. 10a) is decreased from the Mississippi River eastwards to the Atlantic Ocean while, in the western United States, NEE is increased. Most of these changes are due to changes in carbon assimilation (Fig. 10b) . Assimilation was increased in the eastern half of the domain, mostly due to decreased cloud cover. Fewer clouds permit more solar radiation to penetrate to the surface, allowing more photosynthesis by the surface vegetation. The strongest increase in solar radiation (about 20 W m −2 in the average) occurred primarily in the eastern United States and southeastern Canada (not shown). Decreased carbon assimilation along the Great Plains was a result of warmer and drier conditions producing a closing of plant stomata. Re-duced soil respiration (Fig. 10c) through the Great Plains and along the Gulf of Mexico was a result of slightly reduced soil moisture. Enhanced soil respiration in the Ohio valley and New England was a result of warmer soil temperatures. Figure 11 illustrates the CO 2 concentration effects at 500 m caused by the parameterized PBL top entrainment. Lower concentrations are present in southeastern Canada and New England because lower temperature stress (Fig. 9b) and greater solar radiation allowed greater carbon assimilation (Fig. 10b) through increased stomatal conductance in this region. Higher CO 2 concentrations centred on the upper Midwest are a result of reduced assimilation (Fig. 10b) from the increased stress due to warmer and drier conditions (Fig. 9 ) and a deeper PBL (Fig. 6) . The dilution of the carbon assimilation impact by the deeper PBL in addition to the weaker uptake of CO 2 produced higher CO 2 concentrations. The combination of a weak PBL depth response (Fig. 6 ), greater carbon assimilation (Fig. 10b ) from increased solar radiation and weaker soil respiration (Fig. 10c) due to decreased soil moisture led to lower CO 2 concentrations over the states along the Gulf of Mexico, including Louisiana, Alabama and Florida. On average, there was no change in CO 2 concentration, but the gradients of CO 2 were largely impacted by entrainment. Enhanced entrainment produces a 7 ppmv gradient in CO 2 at 500 m above ground level from the eastern Minnesota/Iowa border to the border of New York and Canada, relative to the control case. These simulated differences in spatial patterns of atmospheric CO 2 suggest that the degree of entrainment at the PBL top could be an important influence on source/sink estimation by transport inversion.
An entrainment parameterization was added to SiB-RAMS to include the effects of overshooting thermals. The parameterization warms and dries the boundary layer while cooling and moistening the inversion layer through a downward buoyancy flux at the PBL top. The enhancement of entrainment effects increased the model estimate of the PBL depth in a simulation representing the weather conditions of late summer 1999.
The monthly mean diurnal cycle of PBL depth in July, August and September at the WLEF tower in northern Wisconsin was simulated better when the enhanced entrainment was included. This depth is important for CO 2 studies as an error in PBL depth relates linearly to errors in CO 2 concentration. It was seen in Fig. 11 that this could impact horizontal gradients of CO 2 and produce a model-observation mismatch even when the simulated fluxes are correct. Because most CO 2 concentration measurements are made near the surface and depend on the depth of the PBL and source/sink estimates of carbon from inversion studies depend on the CO 2 concentrations, correcting the PBL depth should also improve the source/sink estimates.
Overshooting thermals produce a complex interaction of PBL processes. In addition to increasing the PBL depth and modifying CO 2 concentration gradients, overshooting thermals and their associated entrainment impact temperature and water vapour mixing ratios which, in turn, impact sensible and latent heat fluxes and vegetative response. The warmer and drier conditions at the leaf surface alter stomatal conductance, modifying the Bowen ratio and cloud cover. Closing of the stomata produces decreased carbon assimilation which, when combined with the dilution effect of a deeper PBL, produces higher CO 2 concentrations. Decreased cloud cover results in greater net radiation at the surface and a greater surface heat flux. Given that the buoyancy flux at the top of the PBL is proportional to that at the surface, this produces a positive feedback and a large impact on the PBL and the land surface. Overshooting thermals, although small, can interact to produce large-scale changes in the land-atmosphere interaction.
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